Nerve growth factor (NGF) represents a family of struc turally related trophic factors, including brain-derived neurotrophin factor (BDNF), neurotrophin-3 (NT-3), NT-4, and NT-5. These neurotrophin factors interact with two classes of receptors, the trk receptor tyrosine kinase family, and the low affinity p75 neurotrophin receptor. To study potential ligand-receptor interac tions, recombinant trk fusion proteins have been con structed, and pan-trk polyclonal antisera directed against the cytoplasmic tyrosine kinase domain have been generated. The recombinant proteins were assessed for in vitro kinase activity and for the ability of K-252a to inhibit phosphorylation. Antibodies made against the fusion protein recognize all trk family members, and are effective in immunoprécipitation of affinity-crosslinked receptors. Comparative crosslinking indicates that NGF can recognize all trk receptor members, illustrating the large number of potential ligand-receptor interactions between neurotrophins and their receptors.
INTRODUCTION
Since the neurotrophins and their receptor tyrosine kinases are so closely related in sequence and structure, it is not surprising that a considerable amount o f crossreac tivity has been detected (Chao, 1992a 
MATERIALS AND METHODS

Construction of fusion proteins
Restriction fragments from a full length human trk cDNA in the vector pDM69 (Martin-Zanca et al., 1989) were introduced into pGEX3X or pGEX2T to generate fusion proteins. To express the extracellular domain of p 140"*, a 1 kb Aval restriction fragment (from amino acids 12 to 387) was introduced in-frame in the Smal site of pGEX2T. The resulting fusion protein was of predicted Mr of 61,960. The entire cytoplasmic portion of p i40"* was repre sented by a GST/Earl construct (367 amino acids of trk), made by digestion of pDM69 with Earl and removal of the 5'-overhang by Si nuclease treatment, and released by £coRI digestion. This fragment was introduced into pGEX3X, digested with BamHl, S i nuclease, followed by EcoRl digestion. The junction sequence was verified by DNA sequencing to be 5'-CGTGGTACG-3'. This fusion protein has a predicted Mx of 66,370.
Additional fragments representing C-terminal sequences of pl40"* were employed after digestion at unique sites -Ncol (1911 bp), EcoRV (2122 bp), BglII (2158 bp), and Kpnl (2285 bp). The Ncol fragment was prepared after digestion of pDM69 with Ncol, incubation with the Klenow fragment of DNA Polymerase I, and EcoRI digestion. The Ncol-EcoRl gel purified insert was ligated into Smal and Ecol digested pGEX3X. The junction sequence was in frame and was found to be 5'-CCCCATGGA-3'. The resulting fusion protein (Mr 47,890) contained 199 amino acids of trk. The EcoRV fragment was obtained after digestion with EcoRV and EcoRI, and subcloned into pGEX3X, digested with Sma and EcoRI. The junction sequence was 5'-CCCATC-3', and the fusion protein resulted in a protein with a predicted Mr of 40,080, with 128 amino acids of trk. The GST/fig/II construct contained a BglIIEcoRI fragment from pDM69 subcloned into BamHUEcoRldigested pGEX3X. The fusion protein product contains 81 amino acids of trk and has a predicted Mr of 34,910. The GST I Kpnl fusion construct was generated after Kpnl digestion and Si nucle ase treatment, and .EcoRI digestion of pDM69. The fragment was gel purified and introduced into pGEX3X, which had been digested with Smal and EcoRI. The fusion protein product con tained the last 73 amino acids of trk, and has a predicted Mr of 34,030.
Production of antibodies
Bacterial cultures expressing pGEX fusion proteins were grown in 50 Hg/ml ampicillin and induced with 100 (iM IPTG. Induced bacteria were lysed and centrifuged for 10 minutes. The fusion proteins were separated by preparative polyacrylamide/SDS gels, and electroeluted. Immunizations of rabbits were carried out by subcutaneous injections of emulsified fusion protein (Pocono Rabbit Farm), with boosts every 2-3 weeks. Antisera was col lected six weeks after the initial injection.
In vitro phosphorylation
Bacterial cultures were grown for 3-5 hours and treated with IPTG for an additional hour, before harvest and lysis. The pGEXencoded fusion proteins were isolated using glutathione-coupled beads, and washed in lx kinase buffer containing 20 mM Hepes, pH 7.4, 25 mM NaCl, 0.05% Triton X-100, 1% glycerol, 10 mM MgCh, 10 mM MnCh. Phosphorylation was initiated with the addition of [y-32P]ATP and allowed to incubate for 15 minutes at 37°C. The effect of K-252a (Kamiya Biochemicals, Thousand Oaks, CA) on protein kinase activity was assayed by «suspend ing the beads in kinase buffer containing K-252a at a final con centration of 1 ¡J.M.
Affinity crosslinking
Crosslinking was carried out on fibroblast cells expressing differ ent trk receptor family members with 125I-labelled NGF prepared by lactoperoxidase treatment. Transfected cells were incubated with 1 nM 125I-labelled NGF for 30 minutes at room temperature in the presence of EDAC (l-ethyl-3-(3-dimethylaminopropyl)-carbodimide hydrochloride (Pierce) or DSS, disuccinimidyl suberate, or both reagents simultaneously. The crosslinking reactions were stopped by quenching with PBS + 50 mM lysine at 4°C, and the cells were then pelleted and washed three times in PBS-lysine. The final pellet of cells was resuspended in lysis buffer (10 mM, pH 7.6, 1% NP-40, 0.4% deoxycholate, 66 mM EDTA, 1 mM PMSF, 1 mM leupeptin, and 1 mM aprotinin), and was allowed to sit on ice for 20 minutes. After a high speed final centrifuga tion for 15 minutes, supernatants were incubated with anti-NGF polyclonal antibodies (Collaborative Research), or &T&\-trk anti bodies, as described in the text, and the immune complexes pre cipitated with Protein A-Sepharose beads (Sigma). The samples were subjected to gel electrophoresis on 7% acrylamide/SDS gels, and crosslinked products visualized after exposure on X-ray film. sine residues at the putative autophosphorylation site, and a short C-term inal tail (M artin-Z anca et al" 1989).
RESULTS
The
To express discrete dom ains o f the extracellular and intracellular regions o f p i 40"*, a series o f fusion proteins was constructed. The extracellular dom ain o f p i 40"* was represented by an A val fragm ent that was introduced into pG EX 2X (Fig. 1) . This dom ain extended from am ino acid 51, after the first cysteine cluster, to am ino acid 387, tw enty am ino acids above the m em brane spanning dom ain. A series o f intracellular fusion proteins w as m ade using selected restriction sites in the human trk cDNA. T he Earl construct begins at the transm em brane sequence and extends to the C-term inal sequence, and includes the entire tyrosine kinase dom ain. O ther fusion proteins represented sm aller C-term inal regions o f the kinase dom ain. All pro teins w ere readily expressed w ith varying degrees o f solu bility.
The cytoplasm ic fusion proteins w ere tested for in vitro phosphorylation ability after partial purification on glu tathione-coupled beads. O nly the full length E arl fusion protein dem onstated detectable phosphorylation after incu bation w ith [y-32P]A TP ( Fig. 2A) . A lthough the level of phosphorylation was low, it was readily detectable above background levels. In keeping with the lack of key kinase sequences, the sm aller fusion proteins did not display any detectable phosphorylation (Fig. 2B ) by this in vitro assay.
Effect of K252-a
The alkaloid K 252-a has been show n to inhibit N G Finduced neurite outgrow th and signaling in PC 12 cells (K oizum i et al., 1988) , and also p 140"* autophosphoryla tion (Berg et al., 1992; Tapley et al., 1992; N ye et al., 1992) . T he effects o f K -252a appear to be specific for the trk fam ily o f receptor tyrosine kinases, as K -252a does not affect EG F-and FG F-induced phosphorylation in PC 12 cells. In addition, K -252a has a direct effect upon the p i 40"* receptor tyrosine kinase, since it inhibits kinase activity in in vitro phosphorylation reactions (Berg et al., 1992) .
T hese results raise the possibility that K -252a acts directly upon the catalytic activity o f pl40"*. To test this possibility, the GST/Zsarl construct was incubated with [y-'2P]A TP in the presence o f 1 nM K-252a. The am ount of phosphorylated fusion protein was significantly decreased w ith K -252a ( Fig. 2A ) , suggesting that the inhibition may have interfered w ith the cytoplasm ic dom ain and the in vitro kinase activity o f trk. This result agrees w ith experim ents in PC12 cells, in w hich im m unoprecipitated p l4 0 "* kinase activity could be blocked by K -252a treatm ent (Berg et al., 1992) . O ther fusion proteins did not give rise to detectable , 1989) . This second site is not observed in other receptor tyrosine kinases, and m ay provide a m eans for K -252a to interfere with norm al A TP binding.
A ffinity crosslinking
Several affinity crosslinking reagents have historically been used to characterize N G F receptors. T he m ost reactive and widely used reagents have com pounds, such as ethyl-3-dim ethylam inopropyl-carbodiim ide (ED A C ) and disuccim idyl suberate (DSS). U sing affinity crosslinking o f l25I-labelled N G F with ED A C , the m ajor radioiodinated com plex isolated from neurons and tum or cell lines has an apparent m olecular m ass o f 100 kD a (G rob et al., 1983; T aniuchi et al., 1986; G reen and Greene, 1986) . T reatm ent with DSS selectively crosslinks 125I-labelled N G F with p i 40"* to produce a species o f 160 kD a (M eakin and Shooter, 1991) .
A ntisera generated against the hum an trk cytoplasm ic protein w ere tested fo r its ability to im m unoprecipitate p i 40"* after affinity crosslinking. F ibroblast 3T3 cells expressing p 140"* w ere incubated w ith 125I-labelled N G F and DSS, and subjected to im m unoprécipitation w ith antitrk polyclonal antibodies and com pared with anti-N G F anti bodies. Fig. 3 dem onstrates that both antibodies are equally effective in im m m unoprecipitation o f the crosslinked N G Ftrk com plex o f 160 kDa. These com plexes were specific, since an excess o f unlabelled N G F elim inated the crosslinked species. N T-3 is know n to interact w ith p i 40"*, in addition to its principal receptor, trkC (Lam balle et al., 1991) . W e com pared the crosslinking of l25I-labelled NT-3 to p i 40"* to N G F, and found that although the relative levels o f crosslinked trk w ere dim inished, binding o f 125I-labelled NT-3 to trk could also be detected (Fig. 3) . This result is consistent w ith previous observations o f increased trk autophosphorylation by NT-3 (Cordon-C ardo et al., 1991) . A ntibodies to N G F were equally effective in im m unoprecipitating this com plex, and unlabelled N G F was able to com pete for the binding o f N T-3 and trk. T he ability o f anti-N G F antibodies to recognize NT-3: is consistent with m any observations that N G F antisera are not specific to N G F, but recognize other neurotrophins (A cheson et al., 1991) .
A ntisera against the trk cytoplasm ic dom ain w as equally effective in recognizing trk, as w ell as trkB and trkC. Fibroblast cells expressing each o f the trk receptors w ere crosslinked w ith either iodinated N G F or N T-3, and the crosslinked trk species was im m unoprecipitated w ith poly clonal antibodies m ade against the trk N G F receptor. In all cases, the antibody specifically recognized each trk recep tor (data not show n). T hese experim ents dem onstrate the crossreactivity o f these antibodies against a highly co n served domain.
The close structural relatedness o f the trk receptors is fur ther m irrored by the ability o f each neurotrophin to bind to other fam ily m em bers. N G F and BD N F have traditionally been found to be very exclusive in interacting and stim u lating p 140"* and p l4 0 " * B receptor activities. H ow ever, N G F, w hich does not ordinarily give biological responses through trkB and trkC (Squinto et al., 1991; Klein et al., 1991b; Soppet et al., 1991; Lam balle et al., 1991) , never theless, has the capability o f w eakly binding to trkB and trkC. When 125I-labelled NGF is crosslinked in the pres ence o f both D SS and EDAC to fibroblast cells expressing each o f the three trk receptors, the strongest signal was observed with p i 40"*. However, a long autoradiographic exposure indicates that both trkB and trkC are crosslinked with [125I]NGF (Fig. 4) . Each crosslinked species was immunoprecipitated with anti-GST/£arI trk antibodies, demonstrating the ability o f these antibodies to recognize similar family members. These experiments also illustrate that a large number o f potential interactions between the neurotrophins and trk fam ily members may occur in het erologous cells. In the nervous system, it is expected that much more specificity exists to ensure more exclusivity between each neurotrophin and its trk receptor. (Bothwell, 1990) , suggesting that this receptor must acting in a wider manner as a receptor for the family o f neu rotrophins.
DISCUSSION
A major unanswered question is how specificity o f neu rotrophin factors is dictated. The effect o f K-252a upon trk autophosphorylation is unique among receptor tyrosine kinases, and im plies that the initial signaling events carried out my neurotrophins are distinctive. How the signaling pathways differ from other growth factor-mediated events have yet to be determined (Chao, 1992b) . The promiscuity o f neurotrophin action exhibited in fibroblasts expressing trk or trkB suggest that neurotrophin action must be exam ined more closely in neuronal cell environments. The cel lular context in which each trk tyrosine kinase is expressed w ill be an extremely important parameter in determining the biological functions o f the neurotrophin factor family. It is anticipated that this question will be ultimately answered by examining the pattern o f differential expression o f trk family members, and the p75 neurotrophin receptor during development and maturity, and by deter mining how each neurotrophin-receptor interaction gives rise to distinctive signaling pathways to promote cell sur vival and differentiation.
